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Antimalarial drugs have usually been first deployed in areas of malaria endemicity at doses which were too low, particularly for 
high-risk groups such as young children and pregnant women. This may accelerate the emergence and spread of resistance, 
thereby shortening the useful life of the drug, but it is an inevitable consequence of the current imprecise method of dose find- 
ing. An alternative approach to dose finding is suggested in which phase 2 studies concentrate initially on pharmacokinetic- 
pharmacodynamic (PK-PD) characterization and in vivo calibration of in vitro susceptibility information. PD assessment is 
facUitated in malaria because serial parasite densities are readily assessed by microscopy, and at low densities by quantitative 
PGR, so that initial therapeutic responses can be quantitated accurately. If the in vivo MIC could be characterized early in phase 
2 studies, it would provide a sound basis for the choice of dose in all target populations in subsequent combination treatments. 
Population PK assessments in phase 2b and phase 3 studies which characterize PK differences between different age groups, cUn- 
ical disease states, and human populations can then be combined with the PK-PD observations to provide a sound evidence base 
for dose recommendations in different target groups. 



The primary objective of treating severe malaria is to save life. 
Other considerations such as preventing recrudescence or mi- 
nor toxicity are secondary. In uncomplicated malaria, the main 
objective of antimalarial drug treatment is cure of the infection. 
Speed of response is also important, as this reflects the rate at 
which the disease is controlled and the corresponding reduction 
in the risk of progression to severe malaria. Less-serious adverse 
effects therefore become a more important factor in determining 
dose. The therapeutic response in malaria is determined by the 
concentration profile (pharmacokinetics [PK]) of active antima- 
larial drug or drugs in the blood (as the asexual parasites which 
cause malaria pathology are confined to the blood), their intrinsic 
pharmacodynamic (PD) properties, the susceptibility of the in- 
fecting parasites to the drug(s), the number of asexual malaria 
parasites in the blood, and the activity of host-defense mecha- 
nisms. Ideally, antimalarial treatment should be 100% effective in 
everyone, but this may not be possible without producing toxicity 
or recommending a long course of treatment with consequent 
poor adherence. It is now recommended that all antimalarial 
treatments for uncomplicated malaria should aim at a >95% cure 
rate for the blood-stage infection (1). In recent years, a general 
agreement has been reached on methods of clinical and parasito- 
logical assessment to measure the cure rates in cases of uncompli- 
cated falciparum malaria (1-3). In Plasmodium vivax and P. ovale 
infections, persistent liver-stage parasites (hypnozoites) cause 
later relapses, despite cure of the blood-stage infection, which 
complicates therapeutic assessment. These infections require ad- 
ditional treatment with 8-aminoquinolines (radical cure). Re- 
lapses are often genetically heterologous and cannot be distin- 
guished reliably from recrudescences or new infections. This 
necessitates a different approach for assessment of treatment effi- 
cacy in the relapsing malarias — which is yet to be agreed upon. 

Many of the antimalarial drugs in current use were introduced 
at suboptimal doses. For various reasons, quinine, sulfadoxine- 
pyrimethamine, primaquine (for radical cure of tropical frequent 
relapsing P. vivax infections), mefloquine, halofantrine, artemis- 



inin derivatives, artemether-lumefantrine, and dihydroartemis- 
inin-piperaquine (i.e., 7 of the 12 current antimalarials) were all 
deployed initially at doses which were too low in some or all age 
groups. Pyrimethamine and sulfadoxine doses for children were 
extrapolated from experience in Caucasian and Asian adults. 
Their pharmacokinetic properties were not studied in younger age 
groups before widespread deployment in Africa, where children 
are the main target group (4). The dose was too low in young 
children. The primaquine dose regimen (15 mg base/day adult 
dose) was developed largely on the basis of studies of the long- 
latency Korean vivax malaria, but this dose was then recom- 
mended widely in areas with the more resistant tropical relapse P. 
vivax phenotypes (5). In Southeast Asia and Oceania, this dose is 
too low. Five-day primaquine regimens were deployed very widely 
for radical cure of vivax malaria for over 30 years — yet these reg- 
imens were largely ineffective. Fourteen-day courses are now rec- 
ommended. Mefloquine was first introduced at a single dose of 15 
mg base/kg of body weight (6, 7), which may have hastened the 
emergence of resistance (8). The total dose now recommended is 
25 mg/kg divided over 2 or 3 days. The doses of artemisinin deriv- 
atives used initially as monotherapy, and then subsequently in 
combination treatments (artemether at 1.6 mg/kg/dose in arte- 
mether-lumefantrine and dihydroartemisinin at 2.5 mg/kg/dose 
together with piperaquine), may not provide maximal effects in all 
patients. The initial treatment regimen of artemether-lumefan- 
trine deployed was a four-dose regimen which provided insuffi- 
cient lumefantrine and gave high failure rates (six doses are now 
recommended) (9). The dose of dihydroartemisinin in the first 
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formulations of the dihydroartemisinin-piperaquine combina- 
tion was <2 mg/kg (it is now 2.5 mg/kg, which may still be too 
low) (10). The pharmacokinetic properties of piperaquine are dif- 
ferent in children from in adults, and there is evidence that current 
dosing schedules in children may be suboptimal (11). After 3 cen- 
turies of reasonable dosing based originally upon the Schedula 
Romana, treatment recommendations for quinine in severe ma- 
laria were suddenly reduced in the 1970s to a dose as low as 5 
mg/kg/24 h, which is eight times lower than that now recom- 
mended. In contrast, the quinine loading dose in severe malaria 
was not introduced until the early 1980s, and it is stiU not recom- 
mended universally (12). The initial recommendation for artesu- 
nate treatment in severe cases of malaria was a daily maintenance 
dose of half the initial dose (1.2 mg/kg). As oral bioavailability is 
approximately 60%, this corresponds to an oral dose of 2 mg/kg 
(13, 14). The currently recommended parenteral dose is twice this 
and is the same as the recommended initial dose, 2.4 mg/kg/day 
(1, 15, 16). Recent evidence suggests that this dose should be in- 
creased in young children (17). 

Optimizing drug dosing requires characterization of the phar- 
macokinetic and pharmacodynamic properties of the drug in the 
target populations. There are four main determinants of the ther- 
apeutic response: antimalarial pharmacokinetics (affected by vari- 
ables such as coadministration with food, age, pregnancy, disease 
severity, vital organ dysfunction, partner drug, and coinfections/ 
other drugs), parasite susceptibility (incorporating effects on dif- 
ferent stages of asexual parasite development, dormancy, propen- 
sity for resistance to develop, and level of resistance first selected), 
host defense (influenced by age, pregnancy, and transmission in- 
tensity/exposure history), and parasite burden. In addition, mixed 
infections can be a factor. For antimalarials, ex vivo systems are 
useful for predicting resistance (18) and they provide valuable 
pharmacodynamic information (19), but they are simply not 
good enough yet to replace in vivo evaluations for dose finding. In 
uncomplicated falciparum malaria, it is generally agreed that 
combinations, preferably, fixed-dose combinations (FDC), 
should be used. The same should apply to vivax malaria, although 
chloroquine and primaquine can be considered a combination. 
When drugs are first developed, there is a limited window of op- 
portunity to define the dose-response (or concentration-effect) 
relationship for the single new compound, but this opportunity 
must be taken (20). Once the drug is available only as an FDC, the 
dose ratio is, by definition, fixed and it is too late for optimization 
of the individual component doses. Characterizing the individual 
drug dose-response relationships is essential for rational dose op- 
timization, and so a good drug development approach involves 
documenting the blood concentrations that are associated with 
submaximal antimalarial effects. Studies in animal models, partic- 
ularly with P. falciparum, may be informative, but studies in hu- 
mans will also be needed. It is important to accept that this may 
result in temporary therapeutic failures in some volunteers. There 
is a natural reluctance to accept this, but sensitive detection meth- 
ods to measure low parasite densities now provide us with safe 
methods that should avoid any risk or discomfort to the patient 
(21). Suggestions are provided here for an alternative PK-PD ap- 
proach for dose finding which, if validated, may improve and ac- 
celerate dose finding and so avoid systematic underprescribing 
and thus underdosing. It might also prove more rapid and less 
expensive. The primary objective is determination of the in vivo 
MIC as the basis for rational dosing (the MIC is the concentration 
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FIG 1 Population PK-PD responses foUowing a 3-day treatment with a hypothet- 
ical slowly eliminated antimalarial drug. The total numbers of malaria parasites in 
the body over time are depicted in blue in a range of patients presenting with 
parasite densities between approximately 50 and 200,000/(ji,l. The ranges of drug 
concentration profiles are shown in red, with the corresponding ranges of parasi- 
tological responses in blue. Parasitemia levels cannot be counted reliably by mi- 
croscopy below 50/ \ii (corresponding to ~ 100,000,000 parasites in the body of an 
adult). The MPC is the lowest blood, plasma, or free plasma concentration which 
produces the maximum parasiticidal effect (i.e., the maximtim parasite reduction 
ratio). This corresponds to the concentration associated with first slowing of the 
first-order (log-linear) decline in parasitemia. 



at which the parasite multiplication factor per asexual cycle is 1 ) . It 
is necessary first to consider the factors which affect the pharma- 
cokinetic properties of antimalarials in malaria and then to con- 
sider antimalarial pharmacodynamics and how PK-PD relation- 
ships should be assessed. 

PHARMACOKINETICS 

The pharmacokinetic (PK) properties of antimalarial drugs are 
often altered in patients with malaria compared with healthy sub- 
jects. The PK properties therefore change as the patient recovers. 
PK properties are also often significantly different in important 
patient subgroups such as young children and pregnant women 
(22). Several of the antimalarial drugs, notably those which are 
hydrophobic and lipophilic, are poorly absorbed after oral or in- 
tramuscular administration and show wide interindividual differ- 
ences in concentration profiles. In general, this variation in blood 
concentrations is inversely proportional to bioavailability, which 
emphasizes the importance of improving bioavailability in drug 
development. Increasing bioavailability provides the twin benefits 
of reducing the required dose and thus the cost of the drugs and 
reducing the individual probabilities of underdosing or overdos- 
ing. In considering antimalarial dosing in the past, we tended to 
concentrate on mean or median values of PK variables, but it is the 
patients with the lowest blood concentrations who are most likely 
to fail treatment and facilitate the emergence of resistance and 
those with the highest concentrations who are most likely to ex- 
perience drug toxicity (23). These extremes need to be defined, 
which means that characterizing the distributions of PK variables 
in important target groups is as important as assessing their mea- 
sures of central tendency (Fig. 1). Characterizing these distribu- 
tions well eventually requires sampling of relatively large numbers 
of patients, which in turn usually necessitates sparse sampling and 
population PK modeling. Optimal design approaches can be used 
to ensure that the information is gathered most efficiently (24). It 
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is essential that key patient groups such as young children and 
pregnant women are studied specifically, and there should be a 
postregistration commitment to this if such investigations have 
not been conducted during preregistration studies. There may 
also be clinically relevant pharmacogenetic differences in drug 
metabolism between different ethnic groups. Thus, characterizing 
the distributions of pharmacokinetic variables is a gradual process 
accrued during phase 2 and phase 3 of drug development, but it 
must continue into phase 4 to cover all relevant populations. 

Malaria is often worst in remote rural areas. The recent devel- 
opment of simple methodologies such as drug measurement from 
capillary blood filter paper samples (25,26) will facilitate commu- 
nity-based assessments in remote settings and make sampling of 
infants and children feasible. Thus, population PK information 
will eventually be needed in all important target groups (i.e., in- 
fants, children, pregnant women, lactating women, malnourished 
patients, patients receiving antituberculosis [anti-TB] and antiret- 
roviral drugs, etc.) (22) to provide optimal dose recommenda- 
tions. There is currently limited bioanalytical capacity to support 
such studies, but there are international schemes to assist antima- 
larial drug measurement and ensure the accuracy of the results, 
which should facilitate future laboratory bioanalytical capacity 
development in tropical countries (27, 28). 

In drug development, where a new compound has not been 
used previously, there is little information on distributions of PK 
variables and so the important but difficult issue is to determine 
how much PK-PD information is enough to decide upon a dosage 
recommendation. For safety reasons, the PK information is usu- 
ally gathered in the following standard sequence: experimental 
animals, healthy normal volunteers, adult patients with uncom- 
plicated malaria, children, and, much later, infants and pregnant 
women. 

PHARMACODYNAMICS 

(i) Action of the drugs. The antimalarial drugs differ in their stage 
specificities of action against malaria parasites. The 8-amino- 
quinolines are unusual in killing pre-erythrocytic-stage parasites, 
hypnozoites, and mature gametocytes of P. falciparum but having 
weak activity against its asexual stages (29). They are more active 
against asexual stages of P. vivax and P. knowlesi. All other anti- 
malarial drugs in current use kill the asexual and sexual stages of 
sensitive P. vivax, P. malariae, P. ovale, and P. knowlesi and the 
asexual stages and early gametocytes (stages I to III) of sensitive P. 
falciparum, but they do not kill the mature P. falciparum gameto- 
cytes (stage V). The artemisinins have a broader range of effect on 
developing P. falciparum sexual stages, as they also kill stage IV 
and younger stage V gametocytes. Atovaquone and the antifols kill 
preerythrocytic stages and have sporontocidal activity in the mos- 
quito (interfering with oocyst formation and therefore blocking 
transmission). Apart from the 8-aminoquinolines, none of these 
drugs have significant effects on P. vivax or P. ovale hypnozoites. 
Even within the asexual cycle there are differences in antimalarial 
activity in relation to parasite development. None of the currently 
used drugs have significant effects on very young ring stages or 
mature schizonts, and all have their greatest effects on mature 
trophozoites in the middle of the asexual cycle (30). In addition, 
the artemisinins (and other antimalarial peroxides) have substan- 
tial ring-stage activity which underlies their life-saving benefit in 
treatment of severe falciparum malaria (15, 16, 31). Several anti- 
malarials, notably, some antibiotics with antimalarial activity. 



have greater effects in the second than in the first drug-exposed 
asexual cycle (23). The pharmacokinetic-pharmacodynamic rela- 
tionships (PK-PD) have not been very well characterized for any 
of these activities. 

(ii) In vivo pharmacodynamic measures. In severe malaria, 
the primary therapeutic concern is the speed of parasite killing 
and, in particular, the killing of circulating ring-stage parasites 
before they mature and sequester (30, 31). Rapid killing of young 
P. falciparum parasites by artemisinin and its derivatives explains 
much of the superiority of artesunate over quinine in the treat- 
ment of severe falciparum malaria (15, 1 6) . In uncomplicated ma- 
laria, rapid ring- form killing is also important, as it contributes to 
the speed of patient recovery, but the main therapeutic objective is 
to reduce parasite multiplication. Once antimalarial treatment is 
started, then, after a variable lag phase, parasite killing in vivo 
approximates to a first-order process (32-34) as represented by 
the following equation: 

P, = Poe"V (1) 

where P^ is the parasitemia level at any time f after starting treat- 
ment, Pq is the parasitemia level immediately before starting treat- 
ment, and kp is the first-order parasite elimination rate constant. 
The parasite clearance half-life is therefore 0.693 /kp. In equation 1, 
parasite killing equates with parasite removal from the circulation, 
but in falciparum malaria (but not the other malarias) there is an 
additional major factor removing parasites from the circulation, 
and that is cytoadherence. Only parasites in the first third of the 
asexual cycle circulate, and the more mature parasites are seques- 
tered. This complicates interpretation of the parasite clearance 
curve following treatment with drugs which do not kill ring- form 
parasites, as initial declines in parasitemia result mainly from se- 
questration and not drug effects (33). Parasite killing can be ex- 
pressed as the parasite reduction ratio (PRR), which is the frac- 
tional reduction in parasite numbers per asexual cycle, or the 
reciprocal of ring-form kp per cycle (32). This cancels out the 
effects of cytoadherence, as the parasite populations are assessed at 
the same stages of development separated by one cycle. The shape 
of the concentration-effect relationship in vivo is assumed always 
to be sigmoid, as it is in vitro (Fig. 2), per the following equation: 

fc = /c„,,-[CVEC5o" + C"] (2) 

where k is the parasite killing rate and k^^^ is the maximum par- 
asite killing rate (i.e., the maximum effect, or iJ^ax) for that drug in 
that infection, C is the concentration of drug in blood or plasma, 
EC50 is the blood or plasma concentration resulting in 50% of the 
maximum effect, and n is a parameter defining the steepness of the 
dose-response relationship. For most drugs, maximum effects are 
probably achieved initially. The evidence for this is the lack of a 
relationship between peak concentrations and parasite clearance 
(the exception is quinine treatment of severe malaria without a 
loading dose, which provides submaximal effects in some pa- 
tients) (12). So while concentrations exceed the minimum para- 
siticidal concentration (MPC), kp in equation 1 is equal to k^^-^. It 
should be noted that each end of the sigmoid curve approaches 0% 
and 100% effects asymptotically — so the MPC is an approxima- 
tion, whereas the EC50 is a more robust and precise estimate. Once 
antimalarial concentrations in blood decline to a level below the 
MPC, the parasite killing rate declines (see the "Antimalarial phar- 
macokinetic-pharmacodynamic relationships" section below). 
For drugs in current use, maximum PRRs range from approxi- 
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FIG 2 The concentration-effect relationship; for antimalarial drugs, the effect 
is parasite killing, which can be measured in different ways. The Emax is the 
maximum parasite killing that a drug can produce, which translates in vivo into 
the maximum parasite reduction ratio. The ECjq is the blood or plasma con- 
centration providing 50% of maximum killing. The median and range values 
for a hypothetical population of malaria parasites are shown in blue, and the 
distribution of average drug levels in patients is shown as a red bell-shaped 
curve (i.e., concentrations are log-normally distributed). Clearly, some of the 
patients have average drug levels below the MPC and would not have maxi- 
mum responses with this dose regimen. 



mately 10-fold to approximately 10,000-fold reductions in para- 
sitemia per asexual cycle. The mean values and their variance in 
vivo have not been established for several important antimalarial 
drugs in current use (notably lumefantrine andpiperaquine), and 
for others, where monotherapies have been evaluated, the esti- 
mates are often imprecise. There is no evidence for saturation of 
parasite clearance, but, obviously, the higher the initial bio- 
mass, the longer it takes to eliminate all the parasites from the 
body (33). Consequently, patients with high-biomass infec- 
tions need more antimalarial drug exposure than those with 
low-biomass infections. 

(ii) In vitro susceptibility. For antimalarial effects, the shape 
and position of the concentration-effect curve studied ex vivo de- 
pends on the susceptibility of the infecting parasites and the PD 
readout (typically, for blood stages, inhibition of growth or mat- 
uration, inhibition of hypoxanthine uptake, inhibition of protein 
or nucleic acid synthesis, etc.). Furthermore, each in vitro method 
assesses a slightly different section of the asexual life cycle, which 
may result in important differences between methods in the re- 
sults for drugs with ring-stage activity. It is not clear exactly how 
the effects of these static drug concentrations in a small volume of 
dilute blood in the laboratory correspond with in vivo effects (18, 
19, 35). Neither is the relationship between inhibition of parasite 
growth and subsequent inhibition of multiplication well estab- 
lished. Inhibition of growth is measured in most in vitro tests, 
whereas in in vivo patient studies, inhibition of multiplication 
(parasite clearance) is recorded. In the absence of in vivo informa- 
tion on the concentration-effect relationship, for predictive mod- 
eling purposes the slopes of the linear segments of the in vitro and 
in vivo sigmoid concentration-effect relationships have been as- 
sumed to be similar (8, 35), but whether or not such an assump- 
tion is justified remains to be established. Most agree that the 
antimalarial drug concentration that is biologically relevant in as- 
sessing blood-stage effects is the (unbound) fraction in plasma. 
Total red cell concentrations are less informative as the parasitized 



red cells behave very differently from their unparasitized counter- 
parts. In the patient, the blood concentrations of the antimalarial 
drug are changing constantly, and the parasite age distributions 
may differ considerably between patients. Ex vivo systems with 
changing antimalarial concentrations that are more biologically 
relevant than the simple static drug susceptibility assays have 
therefore been developed, and measurement of multiplication in- 
hibition can yield valuable information (19). Rodent models 
capable of sustaining human malaria infections have also been 
developed recently (36). Human malaria infections in immuno- 
deficient mice allow PK-PD characterization and thus provide 
useful information in predicting therapeutic responses in patients. 
These laboratory studies have the great advantage that parasites 
from many different locations or with known resistance profiles 
can be studied and compared. It is argued below that if the rela- 
tionship between the standard in vitro susceptibility measures 
(50% inhibitory concentrations [IC50], IC90, etc.) and in vivo 
PK-PD responses in patients with malaria could be characterized, 
then this would facilitate dose finding. 

ANTIMALARIAL PHARMACOKINETIC-PHARMACODYNAMIC 
RELATIONSHIPS 

Some of the best research on antimalarial PK-PD relationships 
came from the period of intense antimalarial drug investigation in 
the United States during and shortly after the Second World War 
(Fig. 3). Studies were conducted to determine the optimum dos- 
ing strategies for mepacrine (atebrine, quinacrine), the Cinchona 
alkaloids, and both the 4- and 8-aminoquinolines (37-39). Phar- 
macokinetic analysis had yet to be invented, and methods for 
quantitation of drugs in serum or plasma were in their infancy, but 
the spectrophotometric assays that were conducted still provided 
valuable information. Relatively large numbers of nonimmune 
adult male volunteers artificially infected with single "strains" of 
P. falciparum or P. vivax received different dose regimens, serum 
levels were measured, and therapeutic responses were assessed. 
This research provided dose-response or concentration-effect re- 
lationships and led to the mepacrine loading-dose regimen, char- 
acterization of the comparative antimalarial effects of the four 
main Cinchona alkaloids (quinine, quinidine, cinchonine, and 
cinchonidine), and development of the standard dosing regimen 
for chloroquine (one of the few antimalarial dose recommenda- 
tions which has stood the test of time). This was stiU the era of 
malaria therapy, and the war had focused military attention on 
malaria. Such volunteer studies are no longer possible today. Since 
that time, PK-PD relationships have been inferred mainly from 
clinical studies of antimalarial treatment (8, 9, 40-43). 

(i) PK-PD correlates. Studies of PK-PD relationships for anti- 
bacterial effects have shown that for some antibiotics (those with 
steep concentration-effect relationships and without postantibi- 
otic effects), bacterial killing is dependent on the duration for 
which the antibiotic exceeds the MIC for the bacterial population 
("time above MIC"). For other antibiotics (where concentrations 
achieved with current regimens remain on the steep part of the 
concentration-effect relationship), it is the maximum concentra- 
tion achieved (C^^ or the related area under the plasma concen- 
tration-time curve (AUC) that is the best correlate of bacterial 
killing (Fig. 4). These PK variables are all interrelated (i.e., the 
higher the C^^^, the larger the AUC and the longer the time above 
the MIC). With some adjustments, these PK measures can be ap- 
plied to antimalarial effects (32), although correlates with parasite 
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FIG 3 Dose-response relationships obtained between the years 1945 and 1946 for quinine in blood-induced vivax malaria (McCoy strain) in volunteers (38). 
Plasma concentrations after protein precipitation were measured spectrophotometrically, which overestimates parent compound concentrations. The left box 
shows the variable relationships between dose and mean plasma concentrations, and the right graph shows the concentration-effect relationship divided into 
three effect measures: class I, no certain effect; class II, temporary suppression of parasitemia and/or fever; class III, "permanent" effect, i.e., absence of 
parasitemia for 14 days. 



killing have not been established for most antimalarial drugs. 
Whereas most bacteria replicate every 20 to 40 min, asexual ma- 
laria parasites infecting humans replicate every 1 to 3 days. Symp- 
tomatic infections usually comprise one predominant brood of 
malaria parasites, but multiple genotypes are often present — par- 
ticularly in higher-transmission settings — and so within one host 
there may be subpopulations with different drug susceptibilities 
(and also different stages of asexual development). The lowest 
blood, plasma, or free plasma concentration which produces the 
maximum PRR is the MFC (Fig. 5). These PK-FD variables reflect 
the antiparasitic effects of the antimalarial drug and host immu- 
nity and so are specific for an individual and that individual's 
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FIG 4 Plasma or blood concentration profile of a slowly eliminated antima- 
larial drug showing an arbitrary MIC. The AUC is the area under the curve, and 
Cmax is the maximum concentration in blood or plasma. AUC from 7 days to 
infinity is shown in darker pink. Blood concentrations are increasingly mea- 
sured on day 7 in therapeutic assessments of slowly eliminated antimalarials 
(49). 



infection. Innate host-defense mechanisms and acquired immune 
responses contribute significantly to therapeutic responses — ef- 
fectively shifting dose-response curves to the left. The contribu- 
tion of the host immune response, which may be significant even 
in previously nonimmune patients (44), has not been well char- 
acterized. 

With current dosing for all antimalarial drugs except the arte- 
misinin derivatives, drug elimination is sufficiently slow that the 
antimalarial effects of a treatment persist for longer than one asex- 




Weeks 

FIG 5 Different therapeutic responses to a slowly eliminated antimalarial 
drug in a malaria infection of 10'° parasites (parasite density, ~2,000/jjl1). The 
blood concentration profile in gray is shown in the background. Parasitologi- 
cal responses range from fully sensitive (green) to highly resistant (blue). Each 
response is associated with a different level of susceptibility and thus a different 
MIC and MPC (arrows pointing to concentration profile). The inset repre- 
sents the concentration-effect relationship for the lowest level of resistance 
(resulting in a late failure), showing corresponding points for the MIC and 
MPC (orange curve). 
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ual cycle (8, 22, 32, 45). Indeed, many antimalarials have terminal 
elimination half-lives (fi/2p) of several days or weeks. In order to 
cure the blood-stage infection in a nonimmune patient, antima- 
larial concentrations in blood (free plasma concentrations) must 
exceed the MIC for the infecting parasites until the last parasite is 
killed (8, 22, 23, 32, 45). The higher the initial parasite burden, the 
longer this takes. With host immunity, cure of malaria may be 
achieved even if drug levels fall below the MIC before complete 
elimination of all parasites (44). Thus, the time above the MIC is 
an important PK determinant of therapeutic outcome, although 
the AUC above the MIC is also relevant, as the rate of parasite 
killing is determined by the concentration-effect relationship 
above the MIC for the infecting parasites and by the antimalarial 
concentration profile in the treated patient. 

Assuming that the parasites are exposed to the antimalarial 
drug at a sensitive stage, what duration of exposure in a single 
asexual life cycle is necessary for maximum effect? For sensitive 
parasites, it appears that up to 4 h of exposure is required (31), 
although for some drugs less time is needed. For artemisinin de- 
rivatives, killing is generally very rapid, which explains why arte- 
misinin derivatives may be given daily despite their rapid elimina- 
tion (32). Thus, two factors are important determinants of 
therapeutic responses: the maximum effect (i.e., maximum PRR) 
and the initial parasitemia. These determine how long drug levels 
must exceed the MIC in order to remove all parasites from the 
body. For rapidly eliminated drugs with PRR values > 1 0'/ cycle in 
nonimmune patients, 7-day regimens (which cover 4 asexual cy- 
cles) are necessary. Maximum PRR values range from approxi- 
mately 10,000/cycle for artemisinins against sensitive parasites 
down to ~ 10/cycle for antimalarial antibiotics (32). All other fac- 
tors being equal, the increase in the time necessary to eliminate all 
parasites from the body (A time [in hours] ) for each increment in 
initial parasite count is given by the following equation: 

A time (hrs) = A Log^ parasite count/fc^ (3) 

where kp represents the parasitemia elimination rate constant de- 
rived from the slope of the linear decline in Log^ parasite counts 
(per hour) following the start of treatment. 

In reality, the other factors are seldom equal. High parasitemia 
levels reflect the particular patient's inability to control the partic- 
ular infection, and so the host contribution to parasite clearance 
may be substantially less in these patients than in most patients 
with lower levels of parasitemia (46). As a consequence of both 
parasite numbers and inadequate host defense, high parasite 
counts (reflecting high parasite burdens) are particular risk factors 
for treatment failure (46). 

While blood concentrations exceed the MPC, a fixed fraction 
of the infecting parasites are killed each asexual cycle (i.e., parasite 
killing is a first-order process). This assertion is supported by de- 
tailed parasite clearance studies (47) and is consistent with tem- 
poral patterns of recrudescent infection. Infections treated with 
artemisinin derivatives are an exception. Following artemisinin 
exposure, a small subpopulation of asexual parasites may become 
"dormant" and thus temporarily refractory to treatment (48). These 
dormant parasites may give rise to a later (drug-sensitive) recrudes- 
cence. As initial blood concentrations for slowly eliminated antima- 
larials are usually considerably above the MPC and vary with disease- 
related changes in absorption rates and distribution volumes, it has 
been suggested that the area under the blood or plasma concentration 
curve affecting the fourth and subsequent asexual parasite cycles may 
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FIG 6 The pharmacokinetic-pharmacodynamic profile of artemisinin com- 
bination treatment (ACT) (33). The individual patient parasite burden (ap- 
proximating 20,000 parasites/ corresponding to a total of approximately 
lO" parasites in an adult) is shown on the vertical axis in a logarithmic scale, 
and the profile of a slowly eliminated drug's concentrations (illustrated by a 
single dose of mefloquine) is shown as a red dashed line. The parasites exposed 
to the antimalarial drugs are shown as triangles. Their areas correspond to total 
numbers in the blood. The artemisinin component of the treatment is given 
for 3 days, which covers two asexual cycles. This reduces the parasite burden 
100,000,000-fold, which leaves approximately 10,000 parasites (dark gray tri- 
angle B) for residual concentrations of mefloquine (from point m to point n) 
to remove. If no artesunate had been given, the mefloquine would have re- 
duced the parasite burden more slowly (light purple large triangle), and the 
parasites corresponding to B (i.e., Bl) would have been exposed to lower 
mefloquine concentrations (from point p to point q; orange triangle). In this 
example, these concentrations would be insufficient to inhibit growth of the 
most resistant parasites prevalent (MIC; MICj() and so, whereas the ACT 
would cure all infections provided these blood concentrations were achieved, 
there would be treatment failures with mefloquine monotherapy. MIC^ and 
MICs refer to the average and most sensitive MICs, respectively. The time from 
point X to point z on the mefloquine elimination curve represents the window 
of selection (circa 16 days in this example) during which newly acquired in- 
fections with sensitive parasites cannot establish themselves whereas resistant 
parasites can. 

be a useftil predictor of the therapeutic response (cure or recrudes- 
cence) in malaria (49). As most patients are seen 1 week after starting 
antimalarial treatment in therapeutic assessments, the day 7 antima- 
larial drug concentration, a simple surrogate for the AUC from day 7 
to infinity (AUCy.^), is increasingly being measured (Fig. 4). Nearly 
all antimalarial drugs are in their terminal elimination phase by 1 
week after starting drug administration such that the day 7 concen- 
tration and the AUCy.^n are linearly related. For artemisinin combi- 
nation treatments (ACTs), the initial therapeutic response is deter- 
mined mainly by the artemisinin component which is given for 3 
days, covering two asexual parasite cycles. The partner drug is then 
responsible for removing the residual parasites (numbering up to 
100,000) which remain in tiie tiiird cycle (32, 50) (Fig. 6). Thus, the 
AUCy.oo or the day 7 concentration reflects this residual partner drug 
exposure (49). Later concentrations are also proportional, and may 
be even better predictors of the therapeutic response (5 1 , 52), but they 
are obviously lower and may approach the limits of assay detection 
for small- volume blood samples. There have been relatively few stud- 
ies in recent years of uncomplicated malaria in which PK variables 
have been related to therapeutic responses. Studies of PK-PD rela- 
tionships have been performed for quinine, artemisinins, meflo- 
quine, sulfadoxine-pyrimethamine, chlorproguanU-dapsone, and 
lumefantrine (4, 8, 9, 35, 40^3, 53-56). There are also some recent 
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FIG 7 Recurrence rates of P. vivax malaria in adult Ttiai patients following 
artesunate treatment (given for 5 or 7 days) combined with different durations 
of primaquine treatment (30 mg base per day; gray circle, 60 mg per day) (57). 
These were all assumed to represent relapses, as the artesunate regimen is 
curative and there was no re-exposure. CI, confidence interval. 



data for piperaquine (52). Dose-response studies have also been per- 
formed to assess the radical curative efficacy (relapse prevention) of 
primaquine in tropical frequent-relapse P. vivax infections (57) (Fig. 
7) and also to assess the transmission-blocking activity of 8-amino- 
quinolines (58). 

The in vivo MIC is the critical determinant of the dose and 
duration of antimalarial treatment, but it has not been well de- 
fined for any antimalarial drug. The MIC is the blood or plasma 
concentration giving a parasite multiplication rate of 1 . As drug 
levels fall below the MIC, then, in the absence of an effective im- 
mune response, parasitemia starts to rise again. A recrudescent 
infection can be detected by microscopy when parasite densities 
reach approximately 50/|jl1. Thus, determination of the MIC re- 
quires treatment failure. Model-derived estimates have been pro- 
posed for quinine in uncomplicated falciparum malaria (42). The 
MICs differ between infections and, by definition, increase with 
resistance (8, 32, 50). It is not clear where the MIC lies with respect 
to the sigmoid concentration-effect relationships for parasite 
growth inhibition. As P. falciparum and P. vivax multiply at ap- 
proximately 10-fold per asexual cycle during the exponential- 
growth phase, and as the MIC gives a multiplication rate of 1, the 
in vitro IC90 for free drug may be a useful approximation of the 
free drug MIC — but this remains to be established. Figure 5 shows 
the effects of different levels of resistance with progressively higher 
MICs. The MIC can be modeled if blood concentrations have been 
measured in an infection which subsequently recrudesces. Sugges- 
tions for prospective determination of the in vivo MIC during 
drug development are provided below. 

If overall cure rates for existing treatments are high ( >90%), as 
they should be (1), then very large studies are needed to provide 
the statistical power necessary to correlate pharmacokinetic vari- 
ables with treatment outcomes, i.e., to compare values between 
the few patients who have recrudescent infections and the major- 
ity who are cured, after adjusting for relevant covariates such as 
age (as a surrogate for immunity) and parasitemia (59). Taking 
multiple blood samples, particularly from young children, in large 
field studies may be unacceptable or impossible. This has led to 
two developments — the use of sparse sampling and population 
PK modeling in antimalarial drug assessments (60) and capillary 



blood filter paper-based drug analyses. These facilitate inclusive 
large-scale PK-PD assessments. Relationships between day 7 (or 
day 14) blood concentrations and cure rates have been character- 
ized for lumefantrine, mefloquine, sulfadoxine, pyrimethamine, 
and piperaquine (4, 8, 9, 49, 55, 56). This is useful in assessing 
treatment responses (i.e., differentiating poor adherence or phar- 
macokinetic factors from resistance as causes of therapeutic fail- 
ure) and therefore in identifying patient subgroups in need of dose 
adjustments. More information from clinical trials is needed. To 
achieve this, the capacity for antimalarial drug measurement 
needs to be expanded in countries where malaria is endemic so 
that capillary blood drug measurements on day 7 (or at other 
times) become a routine part of all antimalarial drug assessments 
in cases of uncomplicated malaria (25, 26, 49). 

ANTIMALARIAL DOSING 

For an antimalarial treatment to be reliably (i.e., >95%) effective, 
it should, by definition, provide >95% efficacy in a nonimmune 
population. In areas of high transmission, this refers to the 
younger children, who bear the brunt of the disease, as older chil- 
dren and adults have acquired higher levels of immunity which 
contribute substantially to therapeutic responses. Self-cure be- 
comes increasingly likely with increasing immunity (44). Cali- 
brating doses against therapeutic responses in semi-immune pa- 
tients is a mistake, as it results in systematic underdosing in 
nonimmune patients (1, 22). In areas of low transmission, pa- 
tients of any age may become ill. For this reason, the initial phase 
2 studies with new antimalarials are best carried out in adults with 
symptomatic malaria. These are followed by phase 2 pharmacoki- 
netic studies in children with malaria. Cure in a nonimmune pa- 
tient means that all malaria parasites in the blood have been killed 
before the drug concentrations in blood have fallen below the 
MIC. To achieve high cure rates, this must occur for >95% of 
prevalent parasites. 

(i) Resistance considerations. Ideally, antimalarial treatment 
should cure everyone thus treated, so drug regimens must be suf- 
ficient to cure infections with all prevalent parasites in those pa- 
tients with the highest parasite burdens. As treatment failure is 
usually necessary for selection and spread of resistance to occur, it 
is important that dose regimens are sufficient to ensure very high 
cure rates (1, 3, 22). It has been argued that the initial deployment 
of a relatively low dose of mefloquine (15 mg/kg of body weight) 
initially provided a powerful selective advantage to resistant par- 
asites, whereas use of a higher dose initially (25 mg/kg) would still 
have cured many of the emerging resistant parasites, thereby re- 
ducing the extent of the selective advantage and delaying the onset 
of resistance (8). Once resistance is selected and spreads, a new set 
of PK-PD relations pertain. The rate at which resistance spreads 
depends on the proportion of treatment failures. 

A dose (either as a single drug or a combination) that achieves 
cure in 95% of treated patients might be considered most cost- 
effective and is a minimum requirement for a new treatment. 
However, it may be prudent in terms of overall benefit to aim for 
a higher dose range and thus a higher cure rate if possible. For 
some drugs (e.g., antifols), resistance develops stepwise in a pre- 
dictable sequence. Emergence of resistance should be slowed if the 
chosen dose regimen is also effective against parasites with low- 
level resistance (8, 41). The concept of mutant prevention, which 
has been well developed in antibacterial dosing (61), is readily 
applicable to antimalarial dosing. A dose regimen that ensured 
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that blood concentrations would be sufficient to cure >95% of 
patients infected with parasites with low-level resistance would, by 
definition, result in a higher total dose. Of course, this might result 
in greater toxicity and prohibitive costs, but it would be an option 
worth considering. In contrast, if the first level of resistance en- 
countered is extremely high (e.g., as in the case of the cytochrome 
B mutations conferring atovaquone resistance which result in ap- 
proximately 10,000-fold reductions in susceptibility), then there 
is no point in recommending a total dose higher than that neces- 
sary to cure >95% of patients infected with "wUd-type" parasites. 
Fortunately, information on the ease of developing resistance and 
the level of resistance developed now usually becomes available 
during drug development, at least for Plasmodium falciparum 
(18). In considering the economics of drug development, cost- 
benefit (anticipating future trends) rather than cost-effectiveness 
(dealing only with the present) analyses maybe more appropriate 
in determining dosing. 

While these arguments favor higher dosing as a resistance pre- 
vention strategy, there is an alternative view. It has been argued, 
on the basis of artificially balanced mixed infection studies in ro- 
dents, that low doses should be deployed intentionally in order to 
reduce the fitness disadvantage that drug-sensitive parasites have 
in the presence of antimalarial drugs and to exploit the competi- 
tion between different genotypes that limits individual growth 
(62). Drug-sensitive parasites are considered to provide protec- 
tion against resistance because in the absence of drugs they are 
usually fitter and thus outcompete resistant parasites in direct 
competition. Clearly, this would be in the context of a quasi- 
steady state of transmission rates sufficiently high that mixed 
asymptomatic infections would be common and not in one of 
successful malaria control with declining prevalence. The rele- 
vance of these experimental observations in an artificial rodent 
model of a potential population benefit is uncertain, while there is 
certainly no doubt that, for an individual patient, underdosing is 
very dangerous. 

(ii) Dose-response relationships for artemisinin and its de- 
rivatives. Dose-response or concentration-effect relationships 
can be assessed using parasite clearance rates for any drug which 
accelerates parasite clearance. A reliably effective antimalarial 
which does not accelerate ring-form clearance can be given to all 
patients as a "reference standard" and various doses of the test 
drug added (63). This ensures that the patient receives an effective 
treatment. Drugs such as mefloquine or atovaquone-proguanil 
have few interactions and can be used as the reference standard. 
Shortening of parasite clearance duration measures can then be 
plotted against pharmacokinetic variables. Artemisinins are es- 
sential components of current antimalarial treatment regimens. 
Most dose assessments have been done with oral or rectal admin- 
istration of artesunate (13, 64, 65). Using shortening of parasite 
clearance as the effect (PD) measure, studies conducted over 10 
years ago in Thailand suggested that a 2-mg/kg oral dose of arte- 
sunate was the lowest that produced a maximum effect (64). 
Given the large interindividual variance in concentration profiles, 
a 4-mg/kg target oral artesunate dose was chosen for ACTs (22). 
As oral artesunate has approximately 60% bioavailability, the 
4-mg/kg oral dose corresponds with the currently recommended 
2.4-mg/kg parenteral dose. It is notable that oral doses of arte- 
mether (in artemether-lumefantrine) and dihydroartemisinin (in 
dihydroartemisinin-piperaquine) are substantially lower than 
this. With respect to in vitro antimalarial activity, dihydroartemis- 



inin (molecular weight [MW] , 284.4) is equivalent in molar terms 
to artesunate (MW, 384.4), but in weight terms there is a 35% 
difference in activities. Artemether is less active iii vitro than arte- 
sunate, although after oral administration approximately two- 
thirds of the total antimalarial activity is provided by its metabolite 
dihydroartemisinin (9). Recent data from the Western border of 
Thailand, where artemisinin susceptibility has declined in recent 
years, support this 4-mg/kg target oral dose, as a concentration- 
effect relationship was evident for a 2-mg/kg but not for a 4-mg/kg 
oral dose of artesunate (66, 67). This indicates that in some 
patients who received 2 mg/kg, the concentrations of artesunate 
and its biologically active metabolite dihydroartemisinin did not 
have a maximal effect (in contrast to the situation 10 years earlier) 
(64). 

If the concentration-effect relationship is not defined, then it is 
difficult to know whether or not a chosen dose is satisfactory. This 
dilemma confronted the development of a rectal artesunate for- 
mulation for prereferral treatment of severe malaria. To deter- 
mine whether any patients were receiving insufficient drug, 
plasma concentrations of artesunate and DHA were measured in 
patients receiving rectal artesunate and compared with measures 
of parasite clearance (63). Levels of parasite susceptibility at the 
time of development differed little, so if some patients had not 
been receiving sufficient artesunate then there would have been a 
cluster of patients with slower parasite clearance and lower drug 
levels. This was not found, which suggested that the dose was 
sufficient (but did not indicate whether the dose could have been 
reduced safely). 

(iii) Dosing of individual components in combinations. Be- 
fore evaluation of the PK-PD properties of a combination, the 
PK-PD relationships for the individual drugs should be deter- 
mined in vivo (during phase 2) against well-characterized para- 
sites in acute malaria infections and optimum doses chosen. An 
evidence-based dose regimen can then be used in phase 3. If pos- 
sible, the two drugs should be combined at doses which are indi- 
vidually curative. Clearly, for currently recommended first-line 
ACTs, and for atovaquone-proguanil treatments, this is not the 
case. In ACTs, the artemisinin component is given for 3 days (and, 
given alone, provides only an approximate 20% cure rate in non- 
immune patients). The slowly eliminated partner drug doses have 
been chosen at doses which should provide high cure rates in 
sensitive infections. For piperaquine, amodiaquine, and lumefan- 
trine, this requires three-day dosing in order to load sufficiently to 
provide therapeutic concentrations (i.e., >MIC) for long enough 
to eliminate all the parasites. In combinations in which one com- 
ponent is eliminated much more rapidly than the other (such as 
ACTs), it would seem prudent to aim initially, based on PK-PD 
studies, for doses of the more slowly eliminated partner drug 
which are curative. PK-PD studies can then be conducted with the 
combination to characterize any synergy (or antagonism) with the 
combination and thus characterize whether the combination dose 
predicted from the individual drug-dose-finding studies requires 
adjustment. 

(iv) Severe malaria. In cases of severe malaria, antimalarial 
drug treatments must aim to kill the infecting parasites as quickly 
as possible (there is no evidence that this is harmful and plenty 
that it is beneficial) (15, 16, 68). Thus, dose optimization for par- 
enteral antimalarials should concentrate firmly on the initial 
doses. Ideally, antimalarials should be given intravenously to en- 
sure instant bioavailability, but if this is not possible, intramuscu- 
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FIG 8 Median and range plasma concentrations of artesunate (green) and 
artemettier (yellow) and their common biologically active metabolite dihydro- 
artemisinin (red) after intramuscular injection measured during the treatment 
of adult Vietnamese patients with severe falciparum malaria (70). 

lar or rectal routes may be effective. Only three drug classes have 
ever been used widely to treat severe falciparum malaria: the Cin- 
chona alkaloids, the 4-aminoquinolines, and the artemisinin de- 
rivatives. All maybe given by the intravenous, intramuscular, and, 
in suitable formulations, rectal routes. Chloroquine can also be 
given subcutaneously (69). Artesunate has been shown clearly to 
be the best treatment for severe malaria in recent very large ran- 
domized controlled trials (15, 16). Cinchona alkaloids and 4-ami- 
noquinolines have significant cardiovascular effects and so must 
be given by rate-controlled infusions and never by intravenous 
injection (as such administration can result in lethal hypotension) 
(3, 12). PK-PD assessments in severe malaria have led to dose 
regimen changes for each of these antimalarials. For quinine, use 
of a loading dose (20 mg salt/kg) of twice the maintenance dose 
(10 mg/kg) in Thai adult patients with cerebral malaria shortened 
the mean time for plasma concentrations to exceed 10 mg/liter (an 
approximate MPC) from 20.5 h to less than 4 h. This resulted in a 
halving of the mean parasite clearance time from 103 to 55 h (12). 
Peak concentrations occurred earlier in the course of treatment 
but were no different from those seen without a loading dose, so 
this simple dose adjustment provided benefit without harm. 
Chloroquine has complex pharmacokinetic properties, with an 
enormous total apparent volume of distribution and a terminal 
elimination half-life of approximately 1 month but a relatively 
small central compartment. Blood concentration profiles and ini- 
tial therapeutic responses are therefore determined primarily by 
absorption and distribution rather than by elimination (69). 
Rapid absorption of chloroquine from intramuscular or subcuta- 
neous injections may result in lethal hypotension. Simple dose 
adjustments (reducing individual intramuscular or subcutaneous 
doses from 5 mg base/kg to a maximum of 3.5 mg base/kg) re- 
duced harm without reducing benefit (69). Chloroquine efficacy 
has since fallen as a result of increased resistance, and the drug is 
no longer used to treat severe malaria. Artemether and artemotil 
are oil-based artemisinin-derivative formulations which can be 
given only by intramuscular injection. Absorption is erratic and 
may be very poor in cases of severe malaria (70, 71) (Fig. 8). Arte- 
sunate given by intravenous or intramuscular routes achieves 
therapeutic concentrations of parent drug and the common bio- 
logically active metabolite dihydroartemisinin much more rapidly 
and reliably (62, 64). As a consequence, despite similar levels of 



parasiticidal activity, artesunate is superior to artemether in the 
treatment of severe malaria (72). 

Each of the three drug classes that have been used in severe 
malaria has very different pharmacokinetic properties and a dif- 
ferent stage specificity of action; the artemisinin derivatives kill 
circulating ring-stage parasites whereas quinine does not (30-32, 
73, 74). Chloroquine occupies an intermediate position, with 
some effect on rings but much less than that seen with the arte- 
misinins (30, 31, 74). All are probably equally effective against 
sequestered forms (30, 31, 73, 74). The rapid killing of circulating 
ring forms which prevents their maturation and sequestration ex- 
plains why artesunate substantially reduces mortality in severe 
falciparum malaria compared with quinine (3, 15, 16). The phar- 
macodynamic measure or "readout" of this unique activity is ac- 
celeration ofparasite clearance (64). The superiority of artesunate 
over artemether in clinical outcomes is paralleled by more rapid 
parasitological responses (72). In turn, artemether is superior to 
quinine in terms of both clinical outcomes and parasite clearance 
times (68). The benefits of artemisinin derivatives compared to 
quinine in randomized controlled trials conducted in patients 
with severe malaria in Asia have been greater than those in Africa 
(15, 16) despite generally similar pharmacokinetic profiles in Af- 
rican children and Asian adults (13, 17, 65, 70, 71). While the 
differences were initially attributed to the greater susceptibility of 
P. falciparum in Africa, to the more rapid time course of disease, 
and even to differences in pathological processes, recent studies 
suggest a more prosaic explanation, i.e., misdiagnosis in a signifi- 
cant proportion of African children considered to have severe ma- 
laria (75, 76). It is very difficult to distinguish sepsis from severe 
malaria clinically, and the two conditions commonly occur to- 
gether. 

Very few trials in severe malaria have been powered to detect 
mortality differences. Whether any of the clinical or laboratory 
surrogates of therapeutic response in survivors which are contin- 
uous variables, such as times to regain consciousness, sit, eat, and 
stand, fever clearance, resolution of acid-base disturbances (rise in 
standard bicarbonate concentration [sHCOj] , fall in lactate level), 
rates of resolution of renal impairment in adults, or attenuation of 
the fall in hematocrit, are good correlates of mortality benefits 
remains to be established. In general, the laboratory variables (in 
particular, measures of acidosis) have performed better than the 
clinical measures in clinical trials. In the randomized controlled 
comparisons of artesunate or artemether versus quinine, which 
are by far the largest trials ever performed in severe malaria, serial 
disease severity measures were often worse in the patients receiv- 
ing artemisinin derivatives despite the substantially lower mortal- 
ity associated with these treatments (1, 15, 16, 68, 72). This appar- 
ent paradox is probably explained by the following: patients whose 
lives are saved by a better treatment (i.e., artesunate compared 
with quinine) are inevitably the most seriously ill. If they survive, 
they, and their laboratory measurements, take longer to recover. 
As a result, measures of recovery in survivors can be better in the 
group treated with the less effective drug. 

NEW ANTIMALARIAL DRUGS 

Several antimalarial drugs are in the late stages of development or 
have entered clinical trials. Arterolane (Rbxl 1 160) is registered in 
India, and OZ439 and the spiroindolone KAE609 are in phase 2 
studies. As most currently available antimalarials are well toler- 
ated, these new drugs will have to match this good acceptability 
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and toxicity profile while being highly efficacious. There is now a 
critical window of opportunity early in clinical development, be- 
fore the new drugs are combined with partner antimalarials, in 
which to identify optimum doses (20). Dose finding should be 
based upon characterization of concentration-effect relationships 
for both efficacy and toxicity. The target is to remove up to 10^^ 
(usually between 10^ and lO'^) parasites. The ideal treatment 
would provide a reliable single-dose cure, but this requires pro- 
viding reliably PRR values close to > 10^/cycle for 9 days (5 cycles) 
or >10''/cycle for 7 days (covering 4 cycles) against aU prevalent 
parasites. 

Optimized dosing should limit the emergence and spread of 
resistance and maximize cost-benefit (30). The initial clinical 
steps are very important, as it would be difficult to revisit dose- 
finding studies once phase 3 studies are under way, particularly if 
the new drug is locked in a fixed combination with another drug. 
When a new antimalarial drug enters phase 2 studies, it is first 
necessary to confirm antimalarial activity in vivo in humans (a 
proof of concept). The initial dose will have been chosen on the 
basis of the doses used in the phase 1 studies, which in turn wiU 
have been extrapolated from animal and in vitro studies. If this is a 
critical decision point ("go/no go"), then a predicted "high" dose 
will probably be chosen for the "confirmation of antimalarial ac- 
tivity in vivo in humans study" to avoid a false-negative result and 
unwarranted discontinuation of the drug's development. Volun- 
teer patients in phase 2 studies need to be fuUy informed of the 
experimental nature of the study they may participate in, the risks 
involved, and the absolute need to stay under medical supervision 
until they have cleared parasitemia and are clinically well. Physi- 
cians and nurses need to know the risks and to have low thresholds 
for providing known effective rescue treatment in cases of clinical 
deterioration. 

(i) Confirmation of antimalarial activity in vivo in liumans. 

Initial phase 2 antimalarial studies with new antimalarial com- 
pounds should always be performed in nonpregnant adults. Fal- 
ciparum malaria is inevitably the primary focus, but it is a danger- 
ous disease. Despite the extensive experience with artificially 
induced malaria in humans, ethics review boards and investiga- 
tors may be reluctant to take the risk of conducting experiments 
with an untried medicine in symptomatic patients with falcipa- 
rum malaria even in intensively supported facilities. There are 
three alternative approaches to conducting initial "confirmation 
of antimalarial activity in vivo in humans" phase 2 studies which 
are safer than first use in patients with symptomatic falciparum 
malaria. 

1. Instead of falciparum malaria, the less dangerous P. vivax 
malaria could be studied initially. This would provide in 
vivo data and useful information on PK-PD relationships in 
disease. P. vivax malaria also has the advantage that it does 
not sequester, and so, unlike P. falciparum infections, pe- 
ripheral blood parasite counts correlate closely with the in- 
fecting parasite burden, making initial interpretation of 
parasitological responses more straightforward. 

2. The first volunteers could be adults with asymptomatic fal- 
ciparum malaria. However, asymptomatic infections are 
generally highly sensitive to any intervention because of the 
effective immune responses which controlled the infection 
in the first place. This approach is therefore likely to over- 
estimate the drug effect substantially. Furthermore, para- 



sitemia levels are always low in asymptomatic adults, pro- 
viding relatively little information on the kinetics of parasite 
clearance. Finally, the pharmacokinetic properties of the 
new drug would not reflect acute illness effects. 

3. Volunteers can be artificially infected with a known drug- 
sensitive malarial "strain" and the evaluation conducted en- 
tirely at parasitemia levels below the pyrogenic density us- 
ing very sensitive quantitative PGR (qPCR) methods (21, 
77-79). Similar approaches have been taken in vaccine eval- 
uations (77, 80, 81). This assessment should reflect antima- 
larial responses in symptomatic malaria, although any dis- 
ease effects on antimalarial PKs or PK-PD responses would 
be minimized, and it does rely heavily on accurate measure- 
ment at very low densities. The accuracy of the sensitive 
detection methods in characterizing parasite clearance ki- 
netics needs to be established further, but this is certainly a 
very promising approach for "confirmation of antimalarial 
activity in vivo in humans." 

Whichever approach is chosen, frequent antimalarial blood 
concentration measurements should be made in an attempt to 
characterize the PK-PD responses, as this would help inform de- 
sign of the definitive dose-finding studies. Once confirmation of 
antimalarial activity in vivo in humans is satisfactorily obtained, 
the conventional approach to dose finding is to reduce doses 
steadily in small groups of patients until there is clear evidence of 
a reduced antimalarial effect. This has meant comparing recrudes- 
cence rates at different doses — a costly and time-consuming pro- 
cess. Relatively large numbers are needed for adequate precision, 
so estimates are inevitably imprecise (see below). Even then, the 
lowest dose providing "satisfactory cure rates" applies to a partic- 
ular set of patients (usually adults) with a particular set of infecting 
parasites. 

(ii) Dose and duration. There are two linked components used 
in assessing treatment responses — the initial response (reflecting 
drug effects over one or two asexual parasite life cycles) and the 
overall curative efficacy (reflecting drug effects over three or more 
asexual parasite life cycles) (22, 23). The initial responses should 
be maximum (maximum PRR for that antimalarial drug) in any 
dose regimen — but curative efficacy depends also on the duration 
of exposure. This is illustrated by the artemisinins, where 5-day 
regimens are required for cure of P. vivax infections and 7-day 
regimens for P. falciparum and yet ACTs are prescribed in 3-day reg- 
imens. These provide maximum parasite killing effects during two 
asexual cycles but still leave up to 100,000 parasites for the partner 
drug to remove. All finally recommended treatments should ide- 
ally provide antimalarial concentrations which exceed the MPC 
for >4 parasite life cycles (this is necessary to cure infections of 
>10'^ parasites with a PRR of 10^ per cycle) (22, 23, 32, 33). 

(iii) Dose-response assessments based upon initial antima- 
larial responses. With new or experimental treatments, clear 
clinical and parasitological criteria for treatment failure and 
patient rescue with an effective antimalarial treatment should 
be predefined (e.g., if parasitemia does not fall by >75% in 24 
h). Frequent sampling for antimalarial drug concentration 
profiling is needed so that confident assessments of key PK 
variables can be made. If the PD readout is slowing of parasite 
clearance (assessed as parasite clearance rate or half-life [33, 
34] or by a more complex measure incorporating lag phase and 
slope), then a sufficient number of patients must be studied to 
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be confident of submaximum effects. There is likely to be con- 
siderable interindividual variance in blood concentration pro- 
files as well as PD responses, so, when doses are reduced, it is 
likely that some patients in a group show submaximal re- 
sponses and some do not. An additional complexity is that 
slowly eliminated antimalarial drugs with large apparent dis- 
tribution volumes require loading in multiple doses, so the 
initial concentration profile is determined primarily by distri- 
bution (8, 9, 69). Thus, parasite clearance after the initial dose 
may underestimate the effects obtained by higher concentra- 
tions after loading. It may be difficult to derive useful dose- 
response relationships from single doses in such cases. 

If the volunteer patient has falciparum malaria and parasite 
clearance is the primary PD readout (e.g., evaluation of a drug 
with ring-stage activity such as a new peroxide), then, as de- 
scribed earlier, a second drug such as mefloquine or atova- 
quone-proguanil may be given simultaneously with or shortly 
after administration of the first drug to ensure cure (64). Al- 
though the contributions of the two drugs cannot be separated, 
the majority of the initial changes in parasitemia result from 
the peroxide component, allowing PK-PD assessment. Even for 
drugs which do not affect ring stages, measures of parasite 
clearance can still be used in an attempt to define the concen- 
tration-effect relationship, although there is more interindi- 
vidual variance in responses because of the variable parasite 
stage of development at presentation. This large interindi- 
vidual variance in parasite clearance responses will probably 
necessitate relatively large sample sizes for adequate precision 
using this approach to dose finding. 

(iv) Dose-response assessments based upon overall curative 
efficacy. For slowly eliminated drugs, the issue is to determine 
how much drug in total is needed to cure reliably; for rapidly 
eliminated drugs, it is to determine for how many days the drug 
should be given. If there is capacity-limited (saturable) absorp- 
tion of a drug (e.g., lumefantrine), then dose spacing is also a 
consideration. In a conventional approach to dose finding, the 
doses need to be reduced early in the phase 2 studies to deter- 
mine which concentration profiles are necessary for cure. This 
inevitably means observing recrudescences — although these 
may be detected and treated before they become symptomatic 
if sensitive qPCR parasitemia monitoring is conducted. As new 
antimalarial drugs should achieve at least 95% efficacy and 
should no longer be recommended when cure rates fall below 
90%, obtaining precision around such high proportions of ef- 
ficacy requires very large sample sizes (59). Dose finding is 
rightly not conducted in patients with high parasitemia levels 
for safety reasons — and yet these are the very patients most 
likely to fail treatment, and they are an important source of de 
novo resistance (46). Dose regimens which are highly effective 
at low parasitemia levels may not be curative at higher densi- 
ties. As a consequence, the doses chosen initially are usually too 
low because they were optimized for infections with low para- 
site burdens. In areas of malaria endemicity, patients, com- 
monly children, may present with uncomplicated falciparum 
malaria and parasite counts well in excess of 200,000/|jl1 (cor- 
responding to >10'^ parasites in the body), which is consider- 
ably higher than that in the entry criteria for dose-finding stud- 
ies. If there is no other PK-PD characterization, then treating 
different groups of patients with different doses and recording 
cure rates is likely to be an imprecise and rather expensive 



method of dose optimization which results in dose recommen- 
dations which are too low. 

DISADVANTAGES OF THE CONVENTIONAL MULTIPLE-DOSE 
STRATIFIED APPROACH TO DOSE FINDING 

(i) If the parasite clearance rate is used as an endpoint: 

1. Large variations in antimalarial blood concentrations may 
confound estimates. 

2. For drugs with large distribution volumes and low clear- 
ance, loading may require multiple doses, so dose-response 
relationships estimated from initial concentration profiles 
may be different from those estimated after loading. 

3. Large interpatient variations in parasite clearance result in 
imprecise estimates. 

4. Dangerous complications may arise in undertreated pa- 
tients. 

5. These approaches identify only the MPC, or another PK 
correlate, but not the MIC. 

6. Drug absorption lag times may confound estimates. 

7. If a second drug is given concomitantly for safety reasons, 
then individual drug effects cannot be separated reliably. 

(ii) If the cure rate is used as an endpoint: 

1. Large sample sizes are required as groups, not individuals, 
are compared. 

2. Dangerous complications may arise in undertreated pa- 
tients. 

3. PK correlates may be inaccurate; this approach does not 
identify the MIC or MPC. 

4. Patients with high parasite burdens have the highest risk of 
treatment failure, and yet they are systematically excluded 
from evaluations of drugs in development. 

In both cases, the relationship between the in vitro susceptibil- 
ity of the infecting parasites and the therapeutic response is not 
well characterized. 

ALTERNATIVE APPROACHES TO DOSE FINDING 

An alternative approach to dose finding is to define the in vivo 
MIC as the primary objective of phase 2 studies. If the in vivo MIC 
can be defined, then comparison of in vivo MIC (and, hopefully, 
MPC) estimates with in vitro parasite susceptibility measurements 
from the same malaria infections would allow calibration of the 
large body of in vitro data on drug susceptibility that can be gen- 
erated rapidly from parasite isolates already obtained from across 
the world. The inhibitory concentration in vitro which corre- 
sponds with the MIC and MPC can be identified and the corre- 
sponding values for the most resistant parasite isolates extrapo- 
lated. These assessments of variance in parasite susceptibility (PD) 
can then be melded with estimates of PK variance from popula- 
tion pharmacokinetic studies conducted in different patient pop- 
ulations to predict the dosing regimens necessary to ensure cure if 
the most resistant natural isolates infected the patients with lowest 
drug exposures. 

(i) Combining in vitro and in vivo data to inform dose find- 
ing. New antimalarial drugs should be evaluated in in vitro 
susceptibility tests performed with a large number of P. falcip- 
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arum (and, increasingly, P. vivax) isolates across different geo- 
graphic regions (18). This provides data to describe the natural 
variation in parasite susceptibility. Antimalarial compounds 
are unlikely to have reached the clinical development phase if 
there is marked variability in parasite susceptibility or if high- 
grade resistance is very readily selected. It is essential for this 
objective that standardized methods of conducting and analyz- 
ing in vitro susceptibility tests are agreed upon (27) so that 
results from different laboratories can be compared. Labora- 
tory selection studies should be performed to determine how 
readily resistance can be induced (18), what degree of resis- 
tance can be selected, the underlying molecular mechanisms, 
and whether or not multiple steps occur in a predictable se- 
quence. Such data have usually been viewed in isolation be- 
cause of the poorly characterized relationship between in vivo 
and in vitro susceptibility. Yet in vitro susceptibility informa- 
tion can be obtained rapidly from studies of diverse parasites in 
diverse geographic locations, thereby providing valuable phar- 
macodynamic information on the range of natural susceptibil- 
ities. Provided the treatments are well tolerated, dose finding 
aims to find a dose and duration of treatment that will reliably 
cure infections with the least susceptible parasites at high bur- 
dens in patients with no background immunity. Calibrating 
parasite susceptibility data against in vivo responses, and com- 
bining these with population pharmacokinetic data in different 
populations, allows evidence-based prediction of likely thera- 
peutic responses in different patient groups with different 
pharmacokinetics across a range of parasite burdens. 

(ii) Defining the MIC. Defining the in vivo concentration- 
effect relationship allows prediction of how much drug is re- 
quired for treatment. While blood concentrations of an anti- 
malarial drug (or drugs) exceed the MIC in malaria, parasite 
numbers decline, so a generally efficacious regimen is one that 
maintains blood concentrations above the MIC in all patients 
until complete elimination of even the most drug-resistant nat- 
urally occurring infection. The MIC is a useful theoretical con- 
cept, but its utility in dose finding and other aspects of thera- 
peutic assessment remains to be defined. It is not known how 
variable it is. As the MIC represents both drug and host effects, 
we do not know yet how much it is affected by the host response 
even in nonimmune patients. Host contributions to parasite 
clearance in malaria reflect the duration and severity of the 
initial infection and so are likely to be lowest early in acute 
infections in previously unexposed individuals. 

In theory, the MIC is much easier to estimate for drugs which 
are slowly eliminated (half lives > asexual cycle length) and do not 
have prominent distribution phases. This is because the important 
confounders such as variable stage susceptibility within the asex- 
ual cycle, or second-cycle effects, operate within a narrow range of 
slowly declining blood concentrations so that the estimate is more 
precise (Fig. 9A). Estimating an in vivo MIC against fluctuating 
drug concentrations, either for a rapidly eliminated drug such as 
an artemisinin derivative or for a drug for which distribution de- 
termines initial concentration profiles and antimalarial effects 
(such as chloroquine or piperaquine), is more difficult or may not 
be possible (Fig. 9B). 

(iii) Experimental approach. Estimation of the MIC requires 
measurement of blood concentrations (whole blood, plasma, 
or free plasma levels) and parasite densities at a time when the 
multiplication rate is 1. This would usually precede by days or 
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FIG 9 Measuring the MIC. (A) The single dose of slowly eliminated antima- 
larial under investigation results in fever resolution and clearance of para- 
sitemia as estimated by microscopy. Numbers of total parasites in the body of 
an adult are shown on the vertical axis. As plasma concentrations (shown in 
pink) fall below the MPC, the rate of decline of parasite density (blue line), 
which is now being measured by a sensitive PGR method, is reduced, reaching 
a plateau between the third and fourth posttreatment asexual cycles (around 1 
week). The corresponding plasma concentration at this transient steady state, 
when the parasite multiplication factor is 1 , is the MIC. The level of para- 
sitemia then begins to rise as plasma concentrations fall further. (B) The 
plasma concentration profile is different, with a rapid initial fall as the drug 
distributes, followed by a slower elimination phase. Interpretation of the par- 
asitemia plateau, and thus the MIC, is less clear. The dose for MIC estimation 
is chosen to provide MICs when the drug is in the terminal elimination phase 
while parasitemia levels can still be quantitated by qPCR. 



weeks a subsequent recrudescence. One approach to character- 
ize the in vivo concentration- effect relationship would be to 
give a single relatively low dose of the new antimalarial com- 
pound to volunteer patients during the initial dose-finding 
studies and then to follow the blood concentrations and the 
parasite densities frequently using microscopy and then sensi- 
tive validated quantitative PCR methods (21, 79-81). As blood 
concentrations of the antimalarial drug fall below the MPC, the 
rate of decline in parasitemia (quantitated by serial sensitive 
qPCR measurements) slows until the parasite density plateaus 
temporarily and then begins to rise again. The antimalarial 
drug blood concentrations coinciding with the plateau contain 
the MIC (Fig. 9). It is apparent that the more rapid the decline 
in blood concentrations, the broader the estimate of MIC, as it 
encompasses the concentration range over a two-day cycle; i.e., 
the precision of the estimate is directly proportional to the 



December 2013 Volume 57 Number 12 



aac.asm.org 5803 



Minireview 



elimination half-life. This approach is under consideration for 
two new antimalarial drugs entering phase 2 studies. With a 
suitable dose, the MIC should occur after the patient has recov- 
ered from the febrile illness and usually when parasite densities 
have fallen below the level of microscopy detection. Ideally, the 
initial decline in parasite density should be maximum so the 
MPC (i.e., the blood concentration when the decline in parasite 
counts begins to slow) could be estimated as well. Once a dose 
in an individual patient has been identified which provides 
MICs in the qPCR-measurable range, this dose can be repeated 
in further patient volunteers to begin characterizing the distri- 
bution of MICs among different infections. Sensitive qPCR 
methods now allow detection of very low densities (usually 
&10 parasites/ml, which represents sensitivity up to 1,000 
times greater than microscopy), so it is possible to follow the 
subpatent parasitemia levels as they decline and then rise again. 
The serial microscopy and qPCR estimations of parasitemia 
should be reported in real time and, once there is clear evidence 
that parasitemia is rising again, but before illness develops, 
definitive treatment given promptly. In this way, recurrent ill- 
ness symptoms should be prevented, and so the volunteer pa- 
tient would be unaware of the recrudescence. It may not be 
possible to measure both MPC and MIC directly with the initial 
doses given, if the parasite densities at MIC fall below the level 
of qPCR detection (Fig. 9). A major potential confounder in 
falciparum malaria is slower clearance of gametocytes. This can 
be assessed by mRNA quantitation, which allows distinction of 
sexual from asexual forms, but this is less sensitive than DNA 
detection methods. The simple alternative is to give a single low 
dose of primaquine (0.25 mg base/kg) in addition to the drug 
under assessment, as primaquine at this dose has maximum 
gametocytocidal but negligible asexual-stage activity against P. 
falciparum and in any case is eliminated rapidly (58). As proof 
of principle requires showing that parasitemia is reduced (but 
does not require cure), this single-dose approach could be 
taken from the outset in dose-finding studies. The initial 
PK-PD estimates derived from the first doses given could be 
used to choose the doses required for accurate PK-PD charac- 
terization in an iterative process. 

When the parasite multiplication factor falls to 1 at a total body 
parasite biomass of less than approximately 100,000 parasites, 
then parasite densities cannot be quantitated, and so the MIC 
cannot be measured directly (although it can still be inferred from 
modeling) (Fig. 9). The dose required to evaluate the MIC is there- 
fore critical, as too high a dose will drive parasite numbers below 
the level of detection and too low a dose will not cure the patient 
initially. For drugs with a marked distribution phase, the MIC is 
best determined during the terminal elimination phase. This re- 
quires choosing a dose sufficient for the MIC to occur during 
elimination rather than distribution. 

IMPLICATIONS FOR COMBINATION TREATMENTS 

It is now generally agreed that in order to prevent the emergence 
and spread of resistance, antimalarial drugs should be deployed in 
combinations. How then should the individual components be 
evaluated, when they will never be deployed as single drugs? The 
default position often quoted is that each component should be 
evaluated independently, and the curative dose established, before 
putting the drugs together in combination. This is not always nec- 
essary for rapidly eliminated drugs. Indeed, the results of such an 



approach may be misleading. For example, artemisinin combina- 
tion treatments (ACTs) all comprise a noncurative dose regimen 
of artesunate, artemether, or dihydroartemisinin. The value of 
assessing cure rates with these drugs (further complicated by 
drug-specific parasite dormancy) in determining dose regimens in 
ACTs is dubious. Furthermore, even if drugs have well-matched 
pharmacokinetic properties and have no PK or PD interactions, 
the doses of each component in a combination required to pro- 
duce >95% cure are nearly always less than those of the drugs 
used alone; i.e., if the drugs have unlinked distribution and elim- 
ination pathways and different mechanisms of action, then in 
>95% of the occasions when concentration profiles of one drug 
are insufficient to cure, the other drug will be curative. The exact 
magnitude of the combination advantage depends on the PK-PD 
distributions for each drug. The alternative PK-PD approach de- 
tailed above with assessment of pharmacokinetic interactions and 
pharmacodynamic synergy and antagonism should obviate costly 
and time-consuming assessment of individual drug cure rates at 
different doses. 

CONCLUSIONS 

Investing in characterization of antimalarial drug pharmacoki- 
netic-pharmacodynamic relationships will probably improve cur- 
rent antimalarial dose regimens and will certainly increase the 
likelihood of choosing an optimum regimen for newly introduced 
antimalarials. 
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